ducts of such finned heat exchanger tube bundles, as reported by Yamada (1992, 1994) , Nemoto et al. (1997) . Furthermore, Chen (1968) , Kouba (1983) , Hamakawa et al. (2000 Hamakawa et al. ( , 2001 , Kawaguchi et al. (2003) , and Ziada et al. (2005) observed remarkable periodic vortices in the wake of both single finned tubes and finned tube bundles.
It is generally known that Karman vortices have three-dimensional correlation structure in the span direction. Therefore, it is believed that the vortices are easily cut by the fins and that the vortex structures in the wake of a finned tube are different from those of a bare tube. Hamakawa et al. (2001 found that the spanwise scales of the vortices were considerably larger than the pitch of the fins. Ziada et al. (2005) showed that the spanwise correlation length in the wake of a serrated finned tube changed with the angular rotation of the tube around its axis. This phenomenon seemed to be related to the irregular wavy pattern of the serrated fin distribution along the tube axis. The spanwise correlation length of vortex shedding is the basic parameter needed to estimate the characteristics of sound generation by vortex shedding from a finned tube. Hamakawa et al. (2010) observed that increasing the fin density decreases the vortex shedding noise radiated from a single serrated finned tube. Eid and Ziada (2011) showed that the introduction of fins to the cylinder might suppress the acoustic resonance. However, there have been few studies on the characteristics of vortex shedding from a finned tube, and the characteristics of the Aeolian tone radiated from a solid spiral finned tube are unclear.
The purpose of the present study is to clarify the effect of a solid spiral fin around a bare tube on the Aeolian tone and vortex shedding. Four tubes with similar shapes but different fin pitches were tested in a low-noise wind tunnel with Reynolds numbers in the subcritical regime. The characteristics of the equivalent diameter of finned tube and the spanwise correlation length of the Karman vortex for several fin pitches are also discussed. 
Nomenclature

Experimental apparatus and procedures
Our experiments were performed in a low-noise wind tunnel . Fig. 1 shows a schematic view of the test-section. The cross section of the nozzle exit was a square 0.3-m wide and 0.3-m high. A finned tube was installed in the test section 100 mm downstream of the nozzle exit. The X axis is in the flow direction, the Y axis is in the transverse direction and the Z axis is in the spanwise direction. The origins of X, Y, and Z axes are all at the center of the finned tube. The free-stream velocity ranged from 4.0 m/s to 50.0 m/s at the test section inlet. The Reynolds numbers based on the tube diameter D and freestream velocity U∞ ranged from 0.8×10 4 to 1.1×10 5 . The flow past the nozzle was uniform, and the drift of the freestream velocity was less than about 0.9%. The freestream turbulence level was less than 0.5% of the freestream velocity. It should be noted that, in this velocity range without the presence of the test cylinder, no periodic velocity fluctuations were detectable at the test section. Two end plates were placed at the top and bottom of the test section, and a test cylinder was placed vertically and rigidly supported between them. These were 900-mm-wide and 755-mm-long acoustically non-reflecting end plates, which were sufficiently large to cover the jet-edge region. The downstream distance from the test cylinder to the edges of the end plates was 655 mm. These end plates were composed of a 25-mm-thick polystyrene porous material and 25-mm-thick glass wool backed with a punched steel plate to reinforce the plate rigidity (Fujita, et al., 1996 . Fig. 2 shows the test solid spiral finned tube. The fin was mounted spirally around a bare tube surface and was made from a 1.2-mm-thick plate with a height (width) of 12.7 mm. The bare tube diameter D was 31.8 mm, the fin diameter Df was 57.2 mm, and the values used for the fin pitch s were 3. 63, 5.08, 8.47, and 25.4 mm, i .e., the ratios of the fin pitch per tube diameter, s/D, were 0.11, 0.16, 0.27, and 0.80; these are as presented in Fig. 3 and Table 1 . The span of the tube was 300 mm.
The characteristic length of the Strouhal number of the finned tube was used for the equivalent diameter of the finned tube, De (Mair, et al., 1975 , Suzuki, et al., 1986 , Hamakawa, et al., 2001 , 2010 . This diameter and Reynolds number Re are defined by
where D is the tube diameter, Df is the fin diameter, s is the fin pitch, t is the fin thickness perpendicular to the spiral axis, U∞ is the freestream velocity, and ν is the kinematic viscosity. The aerodynamic sound in the far field from the test tube was measured at X = 0 mm, Y = 1000 mm, and Z = 0 mm using a microphone. When the observation location was sufficiently far for the observed acoustic field to be considered as the far field, the effect of the near field could be neglected. In this measurement position, the near field component attenuates, and the far field component is about 10 dB larger than the near field component for phenomena that occur over 170 Hz. The microphone output was sampled by an FFT analyzer, and the statistical parameters were calculated. A hot-wire anemometer was used to measure the flow in the wake of the test tube. The mean velocity and velocity fluctuation in the wake of the tube were measured using an I-type hot-wire sensor using tungsten wires of diameter 5 μm and sensor length 1.25 mm. The hot-wire sensor was placed parallel to the span (Z-axis) direction to measure the velocity fluctuation due to vortex shedding from the tube. The hot-wire sensor was traversed and fixed at a pre-determined location in the wake of the tube. Another hot-wire probe was installed when the coherence and phase between the velocity fluctuations at two different locations were measured. The outputs from these hot-wire anemometers were automatically sampled by an FFT analyzer and a PC-based acquisition system, and the statistical parameters were then calculated. The data were analyzed using an FFT analyzer to calculate the coherence and phase for the turbulence and sound data.
Results and discussion 4.1 Aeolian tone radiated from a finned tube
The spectra of the sound pressure level (SPL) of the aerodynamic sound radiated from the test tubes were measured (Hamakawa et al. (2010) ). Fig. 4 shows the spectra of the relative SPL, which were based on the peak SPL of 87.2 dB for bare tube 1 (BT1), together with the background noise (BGN), which originated from the wind tunnel without a test tube as shown by the gray dotted line. In Fig. 4, BT1 represents the results for a bare tube of D = 31.8 mm. A single high peak is formed at 310.0 Hz in the spectrum, which corresponds to the shedding of Karman vortices with a Strouhal number of 0.20. Similarly, bare tube 2 (BT2) represents the result for a bare tube, the outer diameter of which was considered to be the fin diameter Df = 57.2 mm. The Strouhal number was about 0.204. However, the peak level is approximately 4.7 dB lower than the result of BT1. This may be ascribed to end effects. Because the tube diameter of BT2 increased compared to the case of BT1, the aspect ratio between the height of the test section and the tube diameter became small. This indicates that the case of BT2 involved a shorter cylinder than the case of BT1. The blockage of the bare tube for D = 31.8 mm was 10.6% of the cross-sectional area at the nozzle exit, while that of Df = 57.2 mm was 19.1%.
The peak SPL of the spectrum varied with the fin pitch. In Fig. 4 , the solid line shows the results for a finned tube of s/D = 0.11. The peak level is approximately 12.3 dB higher than that for the bare tube of D = 31.8 mm, while the peak frequency is 72.0 Hz lower than that for the bare tube. The solid gray line and gray heavy line show the results for s/D = 0.16 and 0.27, respectively. Single peaks are formed at 262.7 and 294.7 Hz in the spectrum, which are the same as the levels of BT1, while the peak frequencies are about 47.3 and 15.3 Hz lower than those of BT1. However, the peak level for s/D = 0.80 is approximately 8.6 dB lower than that for the bare tube. When the pitch of the fins increased, the peak level of the SPL spectrum decreased and peak frequencies increased.
Velocity fluctuation in the wake of a finned tube
The characteristics of velocity fluctuations in the wake of a finned tube for all fin pitches were measured by a hotwire anemometer. The distributions of the turbulence intensity in the wake of the finned tubes are shown in Figs Ziada et al. (2005) . Fig. 7 shows profiles of the stream-wise turbulence intensity for all fin pitches measured at the u'max point in the transverse direction. The locations of maximum turbulence intensity were near the wake of finned tube at X/De = 1.3-2.2 and were not shifted to the downstream side as in the results for a serrated finned tube (Hamakawa et al. (2010) ). The maximum turbulence intensities for s/D = 0.80 and 0.11 were about 19% lower than those for s/D = 0.27 and 0.16.
Next, the spectrum of the velocity fluctuation in the wake of the finned tube was measured, and Fig. 8 shows a typical spectrum measured at the u'max point; this is the result for s/D = 0.11. Evidently, in the case of s/D = 0.11, a single high peak was formed at the non-dimensional frequency f * of 0.20, which suggests the existence of a periodic phenomenon even though the finned pitch was small, as shown in Fig. 3 . This peak frequency is almost same with the SPL result in Fig. 4 . The phase delay of the velocity fluctuations was also measured by using the two-point measurements procedure. Hot-wires were installed at the intense velocity fluctuation points on both sides just downstream of the finned tube. The phase delay at the peak frequency of velocity fluctuation was about 180°. This means that the velocity fluctuations were out of phase with each other, which is a typical characteristic of Karman vortex shedding. Similar tendencies were obtained at other fin pitches and bare tubes in the present experiment. Thus, the periodic velocity fluctuations discussed above were caused by the Karman vortex shedding. It is noteworthy that the vortex shedding phenomenon had a strong periodicity in the wake of the finned tube for small fin pitches, even though the velocity gradient might be weak in the separation shear layer. Measurements at different fin shapes showed similar features in Hamakawa et al. (2010) .
Vortex shedding frequency for a finned tube
The vortex shedding frequencies for all fin pitches were measured. In Fig. 9 , the open symbols for u' show the changes in the peak frequencies of the velocity fluctuation measured at the u'max point, which were plotted against the freestream velocity U∞. The solid gray symbols for SPL are the results for the peak frequencies of SPL. The peak frequencies of the velocity fluctuations agreed with the SPL results. The peak frequency of the spectrum increased in proportion to the freestream velocity for all fin pitches. The peak frequencies decreased as the fin pitch decreased. It can be understood that the equivalent diameter increases as the pitch of the fin becomes small because the fin changes the equivalent diameter of the finned tube. 
Fig . 10 shows a plot of the Strouhal number St against the Reynolds number Re. The latter was obtained by using the equivalent diameter De defined in equation (1) as a characteristic length, along with the experimental data of the vortex shedding frequency fp. The Reynolds number ranged from 0.8×10 4 to 1.1×10 5 and was less than the critical Reynolds number. The values of St were within the range of 0.182 to 0.204. There was a scatter for St because the effect of the fins on the vortex shedding differed depending on the shape and pitch of the fins for a given Reynolds number. It is clear that the equivalent diameter for a solid spiral finned tube can be calculated from equation (1) only in the Reynolds number range of 0.8×10 4 to 1.1×10 5 . The modification of equivalent diameter by equation (2) is not needed for solid spiral finned tubes; this is a different outcome compared with the result of serrated finned tube (Hamakawa et al. (2010) ).
Spanwise vortex structure
It is known that the intensity of the Aeolian tone radiated from a circular cylinder depends on the spanwise correlation length of the pressure fluctuation owing to vortex shedding. Even in a two-dimensional flow field, the Karman vortex has a three-dimensional correlation structure in the span direction (Blevins, 1986) . Hamakawa et al. (2001 Hamakawa et al. ( , 2010 found that the spanwise scale of the vortex was considerably larger than that of a bare tube. Ziada et al. (2005) showed that the correlation length in the wake of a solid spiral finned tube changed with the angular rotation of the tube around its axis, and the coherent vortex scales in the span-wise direction of a finned tube were almost the same as that of a simple circular cylinder. However, in the present study, when the pitch of the fins decreased, the peak level of the SPL spectrum increased, as shown in Fig. 4 .
The coherence of the velocity fluctuations were measured at Re = 1.1×10 5 by using the two-point measurements procedure. One probe was set at the u'max point (reference point, Z = 0) and the other probe was traversed along the span direction through the u'max point, as shown in Fig. 5 . Fig. 11 shows the distributions of the coherence, Cxy, at the vortex shedding frequency along the span direction. The coherence is not symmetrically distributed with respect to the point Z = 0 in Fig. 11 . The coherent distributions in the spanwise direction of finned tubes for s/D = 0.11 and 0.27 were between 0.96 and 1.0, which were larger than those of BT1 and BT2. This means that the spanwise vortex scale in the wake of the finned tube for small fin pitches did not decrease compared with that of a bare tube. Therefore, the increase of the peak SPL of s/D = 0.11 was the reason for the increase of the spanwise coherent scales of the Karman vortex. On the other hand, the values of coherence for s/D = 0.80 was the smallest in the finned tubes for all fin pitches. The decrease of the peak SPL of s/D = 0.80 was the reason for the decrease of the spanwise coherent scales of the Karman vortex. The tendencies of SPL showed features similar to the distributions of the coherence. Further investigations are needed to clarify the effects of flow around a fin and the three dimensional structure of Karman vortex in detail.
Conclusions
The effects of a solid spiral fin around a bare tube on the Aeolian tone were experimentally investigated. The following conclusions were obtained.
(1) The Aeolian tone induced by Karman vortex shedding was observed in the case of a solid spiral finned tube. The peak SPL of the spectrum varied with the fin pitch. The peak SPL for a fin pitch per tube diameter ratio of 0.11 was approximately 12.3 dB higher than that for a bare tube. However, for a ratio of fin pitch per tube diameter of 0.80, the peak SPL was approximately 8.6 dB lower than that for bare tube. 
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